Orientation selectivity (OS) of visual cortical neurons is progressively sharpened during development. However, synaptic circuit mechanisms underlying the OS sharpening remain unclear. In the current study, in vivo whole-cell voltage-clamp recordings from layer 4 excitatory neurons in the developing mouse primary visual cortex revealed changes of orientation tuning profiles of their excitatory and inhibitory inputs during a post-eye-opening period when OS of their spiking responses becomes sharpened. In addition to a parallel strengthening of excitation and inhibition during this developmental period, the orientation tuning of excitatory inputs keeps relatively constant, whereas the tuning of inhibitory inputs is broadened, and becomes significantly broader than that of excitatory inputs. Neuron modeling and dynamic-clamp recording demonstrated that this developmental broadening of the inhibitory tuning is sufficient for sharpening OS. Depriving visual experience by dark rearing impedes the normal developmental strengthening of excitation, but a similar broadening of inhibitory tuning, likely caused by a nonselective strengthening of inhibitory connections, results in the apparently normal OS sharpening in excitatory neurons. Our results thus provide the first demonstration that an inhibitory synaptic mechanism can primarily mediate the functional refinement of cortical neurons.
Introduction
The development of orientation selectivity (OS), a fundamental functional property of visual cortical neurons (Hubel and Wiesel, 1962; Ferster and Miller, 2000) , has been extensively characterized in previous studies, especially at the level of extracellular spike signals. In many species other than primates (Wiesel and Hubel, 1974) , OS matures over an extended period of postnatal life. In the cat, maturation of orientation tuning occurs in the first few weeks after birth (Hubel and Wiesel, 1963; Barlow and Pettigrew, 1971; Blakemore and Van Sluyters, 1975; Buisseret and Imbert, 1976; Frégnac and Imbert, 1978; Tsumoto and Suda, 1982; Albus and Wolf, 1984) . In the ferret and rodent, it has been shown that OS progressively matures within weeks after the time of natural eye opening, with the percentage of orientationselective neurons gradually increased and the sharpness of orientation tuning enhanced (Chapman and Stryker, 1993; Fagiolini et al., 1994; Kuhlman et al., 2011; Rochefort et al., 2011) . In parallel with the maturation of single-cell OS, orientation maps in the ferret, as detected by intrinsic optical imaging, also strengthen and become high contrast (Chapman et al., 1996; Gödecke et al., 1997; White et al., 2001 ).
Previous extracellular recording and imaging studies on the development of OS only examined spike outputs or outputrelated signals. The cellular and synaptic mechanisms underlying the developmental sharpening of OS remain uncertain. Theoretical work with activity-instructed, correlation-based models has shown that OS can arise from synaptic strengthening and elimination of excitatory neuronal connections, in particular, geniculocortical connections (Miller, 1992 (Miller, , 1994 Miyashita and Tanaka, 1992) . Orientation-tuned cortical inhibitory neurons would also appear with these changes in excitatory connectivity (Kayser and Miller, 2002) . These results have suggested that a refinement of excitatory circuits is a major driving force for the sharpening of OS. However, it is possible that changes in both excitatory and inhibitory inputs can contribute significantly to the development of OS, based on the results of many studies of adult sensory cortices, which have shown that the excitatory input usually determines the tuning preference, while inhibition sharpens the tuning selectivity of output responses (Ben-Yishai et al., 1995; Somers et al., 1995; Troyer et al., 1998; Wehr and Zador, 2003; Zhang et al., 2003; Tan et al., 2004; Mariño et al., 2005; Wu et al., 2008; Liu et al., 2011) . During development, both the amplitude and the tuning profile of excitatory and inhibitory synaptic inputs may undergo drastic changes. If we ignore detailed changes in synaptic strength, in principle two prominent mechanisms can account for the OS sharpening (see Fig. 1 A) . First, the tuning profile of excitatory inputs is sharpened during development. Second, the tuning profile of inhibitory inputs is broadened, which can also effectively enhance tuning selectivity (Somers et al., 1995; Lauritzen and Miller, 2003; Ringach et al., 2003; Wu et al., 2008; Liu et al., 2011) . In this study, we have performed in vivo whole-cell voltage-clamp recordings from layer 4 excitatory neurons in the mouse primary visual cortex (V1) to distinguish these potential synaptic mechanisms.
Materials and Methods
Animal preparation. All experimental procedures used in this study were approved by the Animal Care and Use Committee of the University of Southern California. Female C57BL/6 mice from P14 to P90 were used. Animal were sedated with an intraperitoneal injection of chlorprothixene (5 mg/kg) and then anesthetized with urethane (0.5 g/kg, i.p., at 10% w/v in saline), as previously described (Niell and Stryker, 2008; Liu et al., 2009 Liu et al., , 2010 . The animal's body temperature was maintained at ϳ37.5°b y a heating pad (Harvard Apparatus). A tracheotomy was performed, and a small glass capillary tube was inserted to maintain a free airway. CSF draining was performed. The part of the skull and dura mater (ϳ1 ϫ 1 mm) over the V1 was removed. Artificial CSF (ACSF) solution [containing as follows (in mM): 140 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 20 HEPES, 11 glucose, pH 7.4] was applied to the exposed cortical surface when necessary. The eyes were covered with ophthalmic lubricant ointment until recording, at which time the eyes were rinsed with saline and a thin layer of silicone oil (30,000 centistokes) was applied to prevent drying while allowing clear optical transmission. The eye movement and receptive field drift of single units were negligible within the recording time windows (Mangini and Pearlman, 1980; Liu et al., 2010) .
In vivo electrophysiology. Whole-cell voltage-clamp recordings were performed with an Axopatch 200B (Molecular Devices) according to previous studies . The patch pipette had a tip opening of ϳ2 m (4.5-6 M⍀). For most whole-cell recordings, we used a Cs ϩ -based intrapipette solution containing the following (in mM): 125 Csgluconate, 5 TEA-Cl, 4 MgATP, 0.3 GTP, 8 phosphocreatine, 10 HEPES, 10 EGTA, 2 CsCl, 1 QX-314, 0.75 MK-801, pH 7.25. A K ϩ -based intrapipette solution [containing the following (in mM): 130 K-gluconate, 2 KCl, 1 CaCl 2 , 4 MgATP, 0.3 GTP, 8 phosphocreatine, 10 HEPES, 11 EGTA, pH 7.25] was used in some current-clamp recordings to measure resting membrane potential and spike threshold. The pipette and wholecell capacitance were compensated completely, and series resistance (25-50 M⍀) was compensated by 50 -60% (100 s lag). An 11 mV junction potential was corrected. Signals were filtered at 2 kHz for voltage-clamp recording and 5 kHz for current-clamp recording and sampled at 10 kHz. The evoked excitatory and inhibitory currents were resolved by clamping cells at Ϫ70 and 0 mV, respectively. As discussed before, our whole-cell recording method highly biases sampling toward pyramidal neurons (Liu et al., 2009 . For loose-patch cell-attached recordings, glass electrodes containing the K ϩ -based solution or ACSF were used. A 100 -250 M⍀ seal was formed on the targeted neuron. The pipette capacitance was completely compensated. Spikes were recorded in voltage-clamp mode, with a commend potential applied to achieve a zero baseline current. The spike signal was filtered at 10 kHz and sampled at 20 kHz. For recording of fast-spiking (FS) inhibitory neurons, we used pipettes with smaller openings (10 M⍀). FS neurons were actively searched and identified by narrow spike waveforms (through-to-peak intervals Ͻ0.5 ms) (Liu et al., 2009 ). All neurons recorded in this study were located at a depth of 375-500 m below the pia according to the microdrive reading, corresponding to layer 4. According to previous results, the majority of layer 4 excitatory cells are simple cells based on response modulation (Niell and Stryker, 2008) and spiking receptive field structure (Liu et al., 2009 , noted that monocontrast cells with one subfield can be considered as simple).
Visual stimulation. Software for data acquisition and visual stimulation was custom developed with LabVIEW (National Instruments) and MATLAB (Mathworks), respectively. Visual stimuli were provided by a 34.5 ϫ 25.9 cm monitor (refresh rate 120 Hz, mean luminance ϳ12 cd/m 2 ) placed 0.25 m away from the right eye. A distance of 0.25 m from the mouse eye is equivalent to infinity . The center of monitor was placed at 45°azimuth and 0°elevation, and it covered Ϯ35°h orizontally and Ϯ27°vertically of the mouse visual field. Recordings were made mostly in the monocular zone of the V1. To measure orientation tuning, drifting sinusoidal gratings (2 Hz, 0.04 cycle/°, contrast 0.35) of 12 directions (30°step) were applied. Stationary grating of one orientation was first presented on the full screen for 1.8 s before it drifted for 1.5 s. The grating stopped drifting for 500 ms before another grating pattern appeared. The 12 patterns were presented in a random sequence, and were repeated 5-10 times. Spontaneous activity was recorded when a uniform gray background was applied.
Data analysis. Spikes were sorted off-line. Spikes evoked by drifting gratings were counted within a 70 -1570 ms window after the start of drifting. The spontaneous firing rate was subtracted from the stimulusevoked spike rate. Responses with peak firing rates exceeding spontaneous firing rate plus 3 SDs were considered significant. The strength of orientation selectivity was quantified with a global OS index (OSI; i.e., 1 Ϫ circular variance) (Ringach et al., 2002) :
where i is the angle of the moving direction of the grating, and R( i ) is the response level at angle i . For measuring the tuning width, the response levels for drifting sinusoidal gratings of two directions at the same orientation were averaged to obtain the orientation tuning curve between 0°and 180°, which was then fit with a Gaussian function
is the preferred orientation. Tuning width was the half-width at half-maximum of the fit above the baseline B. The standard OSI was quantified as (R pref Ϫ R orth )/(R pref ϩ R orth ) ϭ A/(A ϩ 2 * B), where R pref is the response level at the angle of , and R orth is that at the angle of ϩ 90°.
The recorded synaptic responses were cycle averaged, and then were smoothed by averaging within a 40 ms sliding window. Excitatory and inhibitory synaptic conductances were derived based on the following equation (Wehr and Zador, 2003; Liu et al., 2010) :
where I(t) is the amplitude of current at any time point; G r and E r are the resting leak conductance and resting membrane potential, respectively, and were determined from the baseline recordings in each experiment; G e and G i are the excitatory and inhibitory synaptic conductance, respectively; V(t) is the membrane voltage; and E e (0 mV) and E i (Ϫ70 mV) are the reversal potentials. V(t) is corrected by V(t) ϭ V h Ϫ R s *I(t), where R s is the effective series resistance and V h is the applied holding voltage. The peak conductance as well as the integral was quantified. Orientation tuning of synaptic conductance was analyzed in a similar way, as described above.
Modeling. A conductance-based integrate-and-fire neuron model (Troyer et al., 1998; Wehr and Zador, 2003; Liu et al., 2010) was used to simulate the membrane potential response, as follows:
where V m (t) is the membrane potential at time t, C the whole-cell capacitance, G r is the resting leak conductance, and E r is the resting membrane potential (Ϫ65 mV). E e and E i were set at 0 and Ϫ75 m V, respectively. C was set as 50 pF, which was the averaged capacitance value in our wholecell recordings. G r was calculated based on the equation G r ϭ C*G m /C m , where G m , the specific membrane conductance, is 1e Ϫ 5 S/cm 2 , and C m , the specific membrane capacitance, is 1e Ϫ 6 F/cm 2 . Synaptic conductance evoked by a moving grating was simulated by fitting the average waveform of synaptic response with a skew normal distribution function (Azzalini, 1985) , which yielded a better fit than sinusoidal functions or ␣ functions, as follows:
where and ⌽ are the standard normal probability density function and the cumulative distribution function, respectively, and determines the location. The scale factor () was set at 145 ms, and the shape factor (␣) at 1.5 for both excitatory and inhibitory conductances. The synaptic conductance was set as 0 if it was Ͻ10% of maximum, so we could exclude a very slow rising phase. We quantified the phase difference between excitation and inhibition for optimally evoked responses. It was 17 Ϯ 14°at stage 1 (ST1; ϳP15-P19; n ϭ 13), 22 Ϯ 15°at ST2 (P21-P30; n ϭ 14), and there was no significant difference between ST1 and ST2 ( p Ͼ 0.1, t test). Based on these experimental observations, inhibition was set with a 25 ms delay relative to that of excitation (corresponding to an 18°phase difference). Varying the relative delay of inhibition from 5 to 50 ms did not affect our conclusion (data not shown). To simulate responses to different orientations, the shape of evoked synaptic conductance did not change but the peak amplitude did vary according to the tuning curves created based on the average OSI in our experimental data (see Fig. 3B ). The peak amplitudes of G e and G i in the first cycle were based on average experimental data (1.63 nS for excitation and 2.78 nS for inhibition at ST1; 2.76 and 5.62 nS, respectively, at ST2). The peak amplitudes in the second and the third cycles were determined by the adaptation factor assigned. Dynamic clamp. Dynamic-clamp recordings were performed as described by Nagtegaal and Borst (2010) . The current injected into the cell was calculated in real time by a custom-written LabVIEW routine and controlled by National Instruments interface, as follows:
The time-dependent G e and G i were similar to those shown in Figure 3A . E e and E i were set as 0 and Ϫ70 mV, respectively. The V m was sampled at 5 kHz. The junction potential was corrected. Measurements of V m were corrected off-line for the voltage drop on the uncompensated residual series resistance (15-20 M⍀). The corrected V m differed only slightly from the recorded V m .
Results

Development of OS in layer 4 excitatory neurons of mouse visual cortex
To understand the progression of the developmental sharpening of OS in the mouse visual cortex, we performed in vivo, blind, single-cell loose-patch recordings in layer 4 (see Materials and Methods). Our recording method resulted in highly biased samplings from excitatory neurons (Liu et al., 2009 Ma et al., 2010) , as evidenced by the broad spike waveforms observed in all the recorded cells. The cells were pooled into three age groups: within 5 d after the time of eye opening (ST1, ϳP15-P19), during the critical period for ocular dominance plasticity (ST2, P21-P30), and in adulthood (P70 -P100). As shown by the poststimulus spike-time histograms for the responses of example cells to drifting sinusoidal gratings ( Fig. 1 B) , orientation tuning of spiking responses was usually broad at ST1, while sharp tuning appeared in a significant number of cells at ST2. To quantify the degree of OS, we used a global OSI, which is a good single metric for OS that takes into account responses to all orientations (Ringach et al., 2002) . The cumulative distribution of global OSIs shifted rightward from ST1 to ST2, indicating that OS is developmentally sharpened (Fig. 1C) . The mean global OSI (ϮSD) was 0.27 Ϯ 0.21 at ST1, 0.44 Ϯ 0.22 at ST2, and 0.42 Ϯ 0.22 in adulthood. The distribution of global OSIs did not differ between ST2 and adulthood ( Fig. 1C) , indicating that the maturation of OS in the mouse largely occurs during ST1. Indeed, when we further divided ST1 into two substages, within 2 d of eye opening and 3-5 d after eye opening, we found that there was a marked difference in global OSI between the substages (from 0.22 Ϯ 0.17 to 0.35 Ϯ 0.23, mean Ϯ SD, n ϭ 11 and 14, respectively; p Ͻ 0.05, t test). This indication of a fast maturation of OS within days of eye opening is consistent with results reported previously (Wang et al., 2010) . Matching with the measurement of global OSI, the tuning width (see Materials and Methods) was reduced from ST1 to ST2 (from 39.2 Ϯ 17.4°to 27.2 Ϯ 17.8°, mean Ϯ SD; p Ͻ 0.01, t test). The sharpening of orientation tuning can be attributed to both an increase in spike rate in response to optimal orientation and, importantly, a decrease in spike rate to orthogonal orientation ( Fig. 1 D) . Together with the fact that the average spontaneous firing rate was reduced during the same period (Fig. 1 D) , it appears that there is a general increase in inhibitory tone in the cortex during development (Morales et al., 2002; Chattopadhyaya et al., 2004) . Based on the developmental progression of spiking response selectivity, we chose to compare excitatory and inhibitory synaptic tuning profiles between ST1 and ST2.
Synaptic inputs underlying OS during development
To dissect visually evoked excitatory and inhibitory inputs, we performed in vivo whole-cell voltage-clamp recordings (see Materials and Methods) . We recorded synaptic responses to drifting gratings when clamping the cell's membrane potential at two levels, Ϫ70 and 0 mV . In all cells, excitatory and inhibitory synaptic responses were observed at all testing orientations ( Fig. 1 E) . In many cases, excitatory and inhibitory responses showed an evident adaptation, i.e., reducing response level with increasing stimulus cycles ( Fig. 1 E) , although there were cases in which the maximum conductance occurred during the later cycles. Interestingly, adaptation was much less obvious in spiking responses (Fig. 1 B) . Two measurements were applied to quantify the level of synaptic responses. In the first, we followed convention and averaged the synaptic responses by cycles, and then measured the peak conductance after smoothing the response curve with a 40 ms sliding window for averaging. In the second, we measured the peak conductance in the first cycle of smoothed responses. Values of these two measures were used to plot the synaptic tuning curve. In the example the cell P17, excitation and inhibition appeared to have a similar preferred orientation, and the inhibitory tuning appeared slightly narrower than excitation (Fig. 1 E) . In comparison, in the example the cell P24, while the excitatory tuning was similar to that in the P17 cell, the inhibitory tuning appeared much broader and was broader than the excitatory tuning in both measures (Fig. 1 F) .
The trend of a broadening of inhibition was evident in responses of many other cells (Fig. 2 A, B ). Data were summarized for a total of 13 ST1 cells and 14 ST2 cells. Analysis of peak conductance of cycle-averaged waveforms showed that at ST1, the tuning selectivity of inhibition was slightly but significantly higher than that of excitation ( p Ͻ 0.01, paired t test) (Fig. 2C,  left) . From ST1 to ST2, there was no change in tuning selectivity of excitation ( p ϭ 0.32, t test), while that of inhibition was greatly reduced ( p Ͻ 0.001, t test) and became significantly lower than that of excitation ( p Ͻ 0.001, paired t test) (Fig. 2C, left) . Essentially the same conclusion could be made when the integral conductance was measured (data not shown), and when the peak conductance in the first cycle was measured, except that at ST1 inhibitory selectivity did not differ significantly from excitatory selectivity (Fig. 2C, right) . Thus, the orientation tuning profile of excitatory inputs remained largely unchanged, while that of inhibitory inputs became less selective. The preferred orientation of inhibition was largely identical to that of excitation (Fig. 2 D) , and their difference (⌬ pref ) was on average 18.4 Ϯ 8.8°(mean Ϯ SD) at ST1 and 20.5 Ϯ 7.9°at ST2 ( p ϭ 0.64, t test). To further reveal the developmental changes in synaptic tuning profiles, we averaged the normalized synaptic tuning curves of all cells, which were aligned according to the optimal orientation (Fig. 2 E) . The average inhibitory tuning curve was similar to or slightly nar-rower than the average excitatory tuning curve at ST1, but became significantly broader than the excitatory tuning at ST2 (Fig.  2 E) . The average tuning width of excitation was 36.3 Ϯ 15.1°at ST1 and 35.7 Ϯ 11.3°at ST2 (mean Ϯ SD; p Ͼ 0.4, t test), while that of inhibition was 31.4 Ϯ 7.5°at ST1 and 44.2 Ϯ 16.6°at ST2 ( p Ͻ 0.02, t test) when the peak conductance of cycle-averaged responses was measured. Similarly, tuning width of excitation was 37.8 Ϯ 15.3°at ST1 and 34.9 Ϯ 11.1°at ST2 ( p Ͼ 0.1), and that of inhibition was 36.6 Ϯ 16.1°at ST1 and 47.6 Ϯ 18.6°at ST2 ( p Ͻ 0.02) when considering the peak conductance of the first cycle. The data indicate that the developmentally reduced selectivity of inhibitory tuning cannot be merely attributed to a gen- There is no significant difference in excitatory tuning selectivity between ST1 and ST2 ( p Ͼ 0.1). D, Plot of preferred orientation angle of excitation versus that of inhibition. Red line is the identity line. There is no significant difference in preferred angle between excitation and inhibition at ST1 and ST2 ( p Ͼ 0.1, t test), based on measurements of peak conductance of the cycle-averaged response or that of the first cycle (data not shown). E, Average excitatory and inhibitory tuning profiles. Synaptic tuning curves for individual cells were normalized and (Figure legend continues.) eral increase of untuned inhibitory activity, but there is a broadening of input. Finally, we observed that the strengths of both excitation and inhibition evoked by the optimal orientation were increased from ST1 to ST2 (Fig. 2 F) . This developmental increase in excitatory and inhibitory synaptic strength is consistent with previous in vitro results in visual cortical slices (Blue and Parnavelas, 1983; Morales et al., 2002; Chattopadhyaya et al., 2004) . The fold increase was similar for excitation and inhibition, so that the overall excitation/inhibition ratio did not change significantly (Fig. 2 F) .
An inhibitory mechanism for the developmental sharpening of OS
The results above indicate two concurrent processes associated with the development of OS. First, there was a scaling up of the excitatory tuning curve by strengthening excitatory responses to different orientations multiplicatively, as reflected by the unchanged excitatory tuning profile (Fig. 2 E, black) . Second, although inhibitory inputs were also strengthened, the response to the orthogonal orientation was strengthened relatively more than that of the preferred orientation, resulting in a broadening of the inhibitory tuning profile (Fig. 2 E, red) . To understand how the synaptic strengthening per se and the developmental broadening of inhibitory tuning might contribute to the sharpening of OS, we performed simulations of neuronal responses by using a simple conductance-based integrate-and-fire neuron model (Liu et al., 2011) , using parameter values (e.g., synaptic strength and synaptic tuning profile) observed in our experiments. We simulated synaptic conductance waveforms with a skew normal function (Fig. 3A, top) , with the inhibitory response delayed relative to the excitatory response by 25 ms (see Materials and Methods). For simulating synaptic responses evoked by stimuli of multiple cycles, we quantified an adaptation factor (i.e., the ratio of the peak response amplitude in a cycle to that in the previous) for optimally evoked excitation and inhibition at two stages. For excitation, it was 0.65 Ϯ 0.17 at ST1 and 0.69 Ϯ 0.19 at ST2 (mean Ϯ SD). For inhibition, it was 0.53 Ϯ 0.21 at ST1 and 0.6 Ϯ 0.21 at ST2. Consistent with a previous study (Tan et al., 2011) , adaptation of inhibition was slightly stronger than that of excitation ( p Ͻ 0.05 at ST1 and ST2, paired t test). Because there was no significant difference in adaptation between ST1 and ST2 ( p Ͼ 0.1 for excitation and inhibition, t test), we assigned an average adaptation factor of 0.67 to excitation and 0.57 to inhibition. As shown in Figure 3A (bottom), although synaptic responses adapted substantially, the resulting V m responses showed almost no adaptation. This modeling result provides an explanation for the less obvious adaptation in spiking responses than synaptic responses. The synaptic tuning profiles in the modeling were based on the average tuning curves in our experimental data. Although the excitatory tuning changed little from ST1 to ST2, the inhibitory tuning was broadened (Fig. 3B ). We applied different combinations of parameter values; for example, the combination of the maximum synaptic amplitudes at ST1 and synaptic tuning profiles at ST2 was referred to as A1T2. As shown in Figure 3 , C and D (dashed blue line), applying synaptic amplitudes and tuning profiles at ST1 (A1T1) resulted in V m responses (measured as peak response of the first cycle) of a relatively flat tuning profile, suggesting that the spiking responses would be very broadly tuned at this stage. Applying synaptic amplitudes and tuning profiles at ST2 (A2T2) resulted in a much sharper V m response tuning, with an increased response at the optimal orientation and a reduced response at the orthogonal orientation (Fig. 3C,D, solid blue line) . This is consistent with the experimental observations that ST1 cells fired more strongly at the orthogonal orientation than ST2 cells, and that the evoked firing rate at the optimal orientation was developmentally increased (Fig. 1 D) . The developmental sharpening of V m responses could only be attributed to the increased broadness of the inhibitory tuning, because only increasing synaptic strengths while maintaining the initial tuning profiles (A2T1) resulted in even more reduced selectivity of V m responses, whereas only increasing the broadness of inhibition while maintaining maximum synaptic amplitudes at ST1 (A1T2) resulted in nearly similarly sharpened V m responses (Fig. 3C ,D, solid and dashed magenta lines, respectively).
To confirm that a sharpening of V m responses caused by the developmental broadening of inhibitory tuning can occur in real cells, we performed dynamic-clamp recording from layer 4 neurons in vivo (see Materials and Methods). We injected simulated synaptic conductances of different combinations between maximum amplitude and tuning profile, as in the modeling. Consistent with the modeling results, applying ST2 synaptic tuning profiles resulted in a sharper tuning of V m response, irrespective of which group of synaptic amplitudes were used (Fig. 3 E, F , solid blue and open magenta symbols). Applying ST1 synaptic tuning profiles resulted in a nearly flat V m response tuning (Fig. 3 E, F , open blue and solid magenta symbols), indicating that inhibitory tuning being sharp may be detrimental to the outcome of orientation tuning.
The neuron modeling and dynamic-clamp results predict that V m response tuning should also be sharpened during development. We examined membrane potential responses in a subset of excitatory cells under current-clamp recording (see Materials and Methods). We found that the tuning of V m responses at ST2 was significantly sharper than that at ST1 (Fig. 3G,H ) . On the other hand, biophysical properties, such as resting membrane potential (Ϫ57 Ϯ 9 mV at ST1, Ϫ59 Ϯ 12 mV at ST2, mean Ϯ SD, n ϭ 10 and 11, respectively; p Ͼ 0.1, t test) and spike threshold (20.3 Ϯ 4.3 mV above the resting potential at ST1, 20.8 Ϯ 4.4 mV at ST2; p Ͼ 0.1), did not change significantly during the same developmental period. These results, together with the modeling and dynamic-clamp studies, further suggest that the broadening of inhibitory tuning is a major force driving the developmental sharpening of the OS of excitatory neuron responses.
Excitation and inhibition after dark rearing
Previous studies in ferrets and rats have shown that the maturation of OS is dependent on visual experience (Chapman and Stryker, 1993; Fagiolini et al., 1994; White et al., 2001 ). However, two recent studies of layer 2/3 of the mouse visual cortex have demonstrated that OS sharpening proceeds rather normally when animals are deprived of visual experience by dark rearing (Kuhlman et al., 2011; Rochefort et al., 2011) . Consistent with these recent results, we found that dark rearing starting from P9 did not prevent the normal sharpening of OS in layer 4 excitatory 4 (Figure legend continued. ) aligned according to the optimal orientation (set as 0°) before averaging. Error bars indicate SEM. Excitatory and inhibitory tuning curves were aligned independently. Because excitation and inhibition shared a similar preferred orientation, the plotted average excitatory and inhibitory tuning curves were given the same optimal orientation. Left, Based on peak conductance of the cycle-averaged response. Right, Based on peak conductance in the first cycle. F, Peak excitatory (black) and inhibitory (red) conductances of cycle-averaged responses to optimally oriented gratings (triangle), and their ratio (E/I ratio, circle). Solid symbols represent mean Ϯ SD. *p Ͻ 0.05; **p Ͻ 0.01; t test. The E/I ratio was 0.65 Ϯ 0.27 at ST1 and 0.53 Ϯ 0.21 at ST2 ( p Ͼ 0.1) if based on peak conductance in the first cycle. Norm., Normalized.
neurons (Fig. 4 A, black) . The tuning width of their spiking responses was 28.4 Ϯ 13.6°(mean Ϯ SD), which did not differ from 27.2 Ϯ 17.8°at normal ST2 ( p Ͼ 0.1, t test). In addition, dark rearing did not prevent the broadening of inhibition either (tuning width was 44.5 Ϯ 9.5°, which did not differ from that at normal ST2, p Ͼ 0.1), nor did it have any effect on the excitatory tuning selectivity (Fig.  4 B, C) . The same conclusion could be reached when peak conductance in the first cycle was measured. In this measure, the global OSI of inhibition was 0.04 Ϯ 0.01 (mean Ϯ SD) under dark rearing, which differed from 0.09 Ϯ 0.05 at ST1 ( p Ͻ 0.01, t test), but not from 0.04 Ϯ 0.02 at normal ST2. The global OSI of excitation was 0.09 Ϯ 0.05 under dark rearing, which did not differ from 0.08 Ϯ 0.03 at ST1 or 0.08 Ϯ 0.03 at normal ST2. However, dark rearing did have effects on synaptic strength: it impeded the developmental strengthening of excitation, while the strengthening of inhibition seemed unaffected (Fig. 4 D) . Based on these results and on our modeling study, we conclude that the apparently "normal" sharpening of OS in dark-reared animals can still be attributed to a broadening of inhibitory tuning, although the underlying synaptic circuits may have been altered by dark rearing.
Development of inhibitory neuron tuning
The broadening of inhibitory tuning can be attributed to two factors: (1) a broadening of tuning of individual inhibitory neurons; and (2) an increase in the convergence of inhibitory inputs with diverse orientation preference on a common excitatory cell. A recent study in layer 2/3 of mouse visual cortex demonstrated that the orientation tuning of parvalbuminpositive FS neurons is broadened during a similar developmental window (Kuhlman et al., 2011) . In layer 4, FS neurons are a predominant source of inhibition, because they account for 50 -70% of inhibitory neurons in this layer (Kawaguchi and Kubota, 1997; Gonchar et al., 2007; Xu et al., 2010) . We thus tested whether changes of tuning of this population of inhibitory neurons could contribute to the developmental broadening of inhibitory inputs to excitatory neurons. FS neurons in our loose-patch recordings were identified by their narrow spike waveforms (see Materials and Methods). Consistent with the report in layer 2/3, we found that the tuning selectivity of FS neurons in layer 4 was significantly reduced from ST1 to ST2 Figure 3 . The broadening of inhibitory tuning is a determinant synaptic mechanism underlying the developmental sharpening of OS. A, Top, Simulated excitatory (black) and inhibitory (red) synaptic conductances evoked by a drifting grating. Three cycles are shown. Adaptation factor is 0.67 for excitation and 0.57 for inhibition. Bottom, The V m response generated in the neuron model (solid blue) by integrating the excitatory and inhibitory conductances shown on top. B, Orientation tuning curves of excitation (black) and inhibition (red) at ST1 (dash) and ST2 (solid) applied in the model. Tuning curves are based on peak conductance in the first cycle. C, Tuning curves of peak V m responses (in the first cycle) resulting from different combinations of maximum synaptic amplitude and synaptic tuning profile. A1T2, the combination of excitatory and inhibitory synaptic amplitudes (optimally evoked) at ST1 and tuning profiles at ST2. PSP, Postsynaptic potential. D, Normalized tuning curves of V m response. E, Top, The digital dynamic clamp calculates the current (I) injected into the cell based on the instantaneous V m and time-dependent synaptic conductances (G). Black and red curves show the time courses of simulated excitatory and inhibitory conductances in an example experiment, respectively. The V m response is a raw trace from the recorded cell whose resting membrane potential was Ϫ67 mV. ( Fig. 4 A, red) . Consistently, the tuning width of FS neuron responses was broadened (42.1 Ϯ 8.5°at ST1 and 53.4 Ϯ 16.3°at ST2, mean Ϯ SD, p Ͻ 0.01, t test). The evoked firing rate of FS neurons at the preferred orientation was developmentally increased (9.2 Ϯ 6.2 Hz at ST1 vs 22.2 Ϯ 11.2 Hz at ST2, p Ͻ 0.01), similar to excitatory neurons. But unlike excitatory neurons, the firing rate of FS neurons at the orthogonal orientation was increased (4.2 Ϯ 2.7 Hz at ST1 vs 15.9 Ϯ 8.4 Hz at ST2, p Ͻ 0.01) (Fig. 4 E) . Together, these data demonstrate that a weakening of tuning selectivity of individual inhibitory neurons does contribute to the normal developmental broadening of inhibition.
We also examined tuning of FS neurons in dark-reared animals. As shown in Figure 4 A, the developmental weakening of orientation tuning of FS neurons was impaired by dark rearing, and they remained as sharply tuned as they were at ST1 (tuning width was 41.3 Ϯ 9.3°under dark rearing vs 53.4 Ϯ 16.3°at normal ST2, p Ͻ 0.01). In addition, the firing rate of FS neurons was largely reduced by dark rearing (Fig. 4 E) . These data indicate that the developmental reduction of FS neuron selectivity depends on visual experience. A similar conclusion has been made for layer 2/3 FS neurons (Kuhlman et al., 2011) . Nevertheless, blocking the broadening of output responses of individual inhibitory neurons does not block the broadening of the aggregate inhibitory input to excitatory neurons, indicating that dark rearing may have induced an increase in the convergence of inhibitory neuron inputs with diverse orientation preference. Consistent with this notion, we observed that in dark-reared animals the difference in preferred orientation between excitation and inhibition (⌬ pref ) was noticeably increased (20.5 Ϯ 7.9°for normal ST2 vs 31.5 Ϯ 28.7°for dark rearing, mean Ϯ SD).
Discussion
Although the developmental maturation of OS has been characterized thoroughly, our understanding of the underlying synaptic mechanisms has lagged behind. To our knowledge, this study is the first to reveal the detailed tuning properties of excitatory and inhibitory synaptic inputs underlying OS in the developing cortex. Contrary to previous thinking, excitatory tuning is not significantly sharpened during a post-eye-opening period, while an inhibitory mechanism, i.e., broadening of the inhibitory tuning and strengthening of inhibitory inputs, primarily accounts for the developmental sharpening of OS. Our results, however, do not rule out the possibility that, before the onset of visual experience, spontaneous activity drives rearrangements of excitatory neuronal connections that mediate an early phase of development of orientation tuning (Miller et al., 1999 ).
An inhibitory mechanism underlying OS sharpening
Our results demonstrate that the strength of excitatory synaptic inputs evoked by optimally oriented stimuli is developmentally increased, while the excitatory tuning selectivity remains unchanged. This indicates that excitatory responses to different orientations are scaled up or increased proportionally during development. On a global scale, inhibition is upregulated in a balanced manner, because the ratio between the strengths of optimally evoked excitation and inhibition is relatively constant. Such balanced increase of excitation and inhibition may allow an increased evoked firing rate while preventing response saturations (Turrigiano and Nelson, 2004; Pouille et al., 2009 ). However, simply scaling up excitation and inhibition without modifying their tuning profiles would result in reduced tuning selectivity, as shown by our modeling and dynamic-clamp results (Fig. 3) , which are also consistent with our previous results in the adult cortical study (Liu et al., 2011) . Increasing inhibitory input strength together with broadening its tuning profile effectively sharpens orientation tuning by reducing membrane potential responses to nonpreferred stimuli. This result is reminiscent of previous modeling studies of adult visual cortical circuits, which used more broadly tuned inhibitory interactions than excitatory interactions to generate sharp OS in the face of weakly tuned feedforward excitation (Somers et al., 1995; Lauritzen and Miller, 2003) . Noticing that the tuning of excitation is considerably weaker in mouse cortical neurons with the response to the orthogonal orientation usually larger than half of that to the optimal orientation (Fig. 2 E) (Jia et al., 2010; Liu et al., 2011) , the broadening of inhibition is particularly important for achieving sharp OS. Previously, we reported for layer 2/3 simple cells in the adult cortex that inhibition is more broadly tuned than excitation (Liu et al., 2011) (but see Tan et al., 2011) . Our present results in layer 4 demonstrate that inhibition becomes more broadly tuned than excitation during development, and that this broadening has important functional significance.
The current results in the V1 appear to differ somewhat from those in the developing primary auditory cortex (A1). In layer 4 of the rat A1, we previously reported that frequency selectivity (as reflected by the half-maximum bandwidth of the frequency tuning curve) of excitation was sharpened after the onset of hearing, while that of inhibition did not change (but see Dorrn et al., 2010) . Due to the differential changes in excitatory and inhibitory tuning selectivity, eventually in the adult A1 the selectivity of inhibition becomes lower than that of excitation . The different synaptic mechanisms for the refinement of frequency and orientation tuning, especially a lack of refinement of excitation in the case of orientation tuning, may reflect a difference in neural circuitry underlying these feature selectivities. In the visual system, OS is generated in the cortex and is heavily influenced by synaptic circuitry within the cortex. In the auditory system, frequency selectivity is generated in the periphery and is relayed along the ascending pathways. Sharpening of frequency tuning of neurons at subcortical stages can result in a sharpening of excitatory inputs to cortical neurons. On the other hand, the effect on inhibitory tuning in the A1 is determined by combined changes of tuning of subcortical neurons and that of intracortical inputs. It is also worth noting that orientation tuning properties of synaptic inputs in the mouse layer 4 appear to differ from those of other species such as cat. Inhibition is more broadly tuned than excitation in the mouse layer 4 at more mature stages (but see Tan et al., 2011) , whereas in the cat inhibition and excitation have similar tuning widths (Anderson et al., 2000; Mariño et al., 2005) . Considering this difference and the fact that the organization of OS in rodents differs from other species (Ohki et al., 2005; Van Hooser et al., 2005; Kerlin et al., 2010; Runyan et al., 2010) , how general the developmental synaptic mechanisms revealed in this study are will be an interesting and important issue for future investigations.
Circuit models for the development of OS Based on our results on synaptic inputs to excitatory neurons and spiking responses of FS inhibitory neurons, we propose a simple feedforward circuit model that may explain the sharpening of orientation tuning during normal development as well as in darkrearing conditions (Fig. 4 F) . In this model, FS neurons providing predominant inhibition onto the layer 4 excitatory neuron receive a similar set of thalamic input as their target, so that inhibition and excitation onto the excitatory neuron have similar preferred orientations. During development, thalamic inputs are strengthened, increasing excitatory drive onto both the FS neurons and the excitatory neuron. Possibly because FS neurons receive less inhibitory control than excitatory neurons (Gabernet et al., 2005) , the increased thalamic drive onto FS neurons results in a large increase in their firing rate as well as a broadening of their spiking response tuning attributable to a prominent "iceberg" effect (Somers et al., 1995; Lauritzen and Miller, 2003) and a selectivity blurring effect (Liu et al., 2011) (Fig. 4 F, top) . The strengthened and broadened inhibition onto the excitatory neuron, on the other hand, can counteract its increased excitatory drive and sharpen its output responses.
On first blush, a broadening of inhibitory tuning does not seem required for the sharpening of OS of excitatory neurons, because dark rearing prevents the broadening of FS neuron responses while the sharpening of excitatory neuron responses is not affected in layer 4 (Fig. 4 A) or in layer 2/3 (Kuhlman et al., 2011) . However, we found that the aggregate inhibitory input still broadened and strengthened in dark-rearing conditions, despite the fact that individual FS inhibitory neurons remained as sharply tuned and weakly responding. This indicates that in dark-rearing conditions, the simple feedforward model is no longer valid, and that additional inhibitory sources must have been recruited. Because previous in vitro studies have shown that depriving visual input induces a marked strengthening of FS neuron to excitatory neuron connections within layer 4 (Maffei et al., 2006) , we propose that dark rearing results in a nonselective enhancement of synaptic connections from inhibitory neurons with very different orientation preferences than the excitatory neuron itself (Fig. 4 E,  bottom) . This recruitment of other inhibitory neuron sources can lead to the apparently normal strengthening and broadening of inhibition in dark-rearing conditions. Unlike inhibition, dark rearing prevents the developmental strengthening of excitation, which leads to the reduced firing rate of FS neurons. This may suggest that the developmental strengthening of thalamocortical inputs is driven by visual input. More detailed analysis is needed in the future to test these proposed models.
